Abstract: Liver ischemia-reperfusion injury (IRI) is a major complication of hemorrhagic shock, liver transplantation, and other liver surgeries. It is one of the leading causes for post-surgery hepatic dysfunction, always leading to morbidity and mortality. Several strategies, such as low-temperature reperfusion and ischemic preconditioning, are useful for ameliorating liver IRI in animal models. However, these methods are difficult to perform in clinical surgeries. It has been reported that the activation of peroxisome proliferator activated receptor gamma (PPARγ) protects the liver against IRI, but with unidentified direct target gene(s) and unclear mechanism(s). Recently, FAM3A, a direct target gene of PPARγ, had been shown to mediate PPARγ's protective effects in liver IRI. Moreover, noncoding RNAs, including LncRNAs and miRNAs, had also been reported to play important roles in the process of hepatic IRI. This review briefly discussed the roles and mechanisms of several classes of important molecules, including PPARγ, FAM3A, miRNAs, and LncRNAs, in liver IRI. In particular, oral administration of PPARγ agonists before liver surgery or liver transplantation to activate hepatic FAM3A pathways holds great promise for attenuating human liver IRI.
Introduction
Good blood circulation is the prerequisite for organs to maintain normal function. Ischemic diseases are common in clinic and have serious damages to organs. In some conditions, when blood flow is restored, the damages to ischemic organs will be exaggerated. This phenomenon is referred to as ischemia-reperfusion injury (IRI). Liver IRI sometimes occurs in liver transplantation, complex liver resection, hemorrhagic shock, and severe liver trauma surgery due to long ischemic time or other reasons [1] . IRI often leads to liver congestion, progressive thrombosis, and necrosis of organs, resulting in the failure of operation [2] . In western countries, about 30% of the general population suffers from hepatic steatosis, which has now become the most widespread cause of chronic liver disease. It has been realized that steatotic livers are more susceptible to injuries including IRI than healthy livers [3] . In the United States, liver transplantations account for approximately 23% of the total transplant surgeries [4] , and many patients suffer from IRI. Only in 2016, about 8000 patients received liver transplants in the United States [5] . Hepatocellular carcinoma (HCC) is the third most common cause of cancer-related death worldwide [6] . In China, hepatocellular carcinoma (HCC) is one of the most common malignant tumors with poor prognosis [7] . Most of the HCC patients might need surgery and then suffer from liver IRI. Clearly, liver IRI has become a severe clinical issue. Generally, the pathophysiological process of liver IRI consists of acute and chronic phases. In the acute phase, injury of hepatocytes occurred in 3-6 h after reperfusion, accompanied by the overproduction apoptosis and necrosis [30] . In steatotic livers, pharmacologic drugs that block angiotensin II actions could reduce the adverse effects of IRI by stimulating bradykinin (BK) generation. BK is further shown to exert its protective effects against hepatic injury via the activation of PPARγ [31] . Shin et al. reported that inhibition of PPARγ activity aggravated liver IRI [32] . Moreover, the authors further found that the activation of PPARγ during ischemia is age-dependent. PPARγ activation is lost after 30 min in adult and old mice, whereas it remained actively throughout ischemia in young mice [33] . Xu et al. reported that asiatic acid (AA) significantly attenuated hepatic IRI via the activation of PPARγ/NLRP3 inflammasome signaling pathway in mice [34] . Chen et al. reported that 15-Deoxy-Delta (12, 14) -prostaglandin J2 (15d-PGJ2) pretreatment inhibited ROS generation and apoptosis in mouse livers after IRI. Moreover, these beneficial effects were partly reversed by antagonism of PPARγ [35] . Ruan et al. reported that limb remote ischemic preconditioning (RIPC) substantially activated PPARγ to exert the protective effects in liver IRI by the activation of autophagy [36] . Several other studies also suggested that PPARγ activation by TZDs, losartan or other molecules is beneficial for hepatocyte survival in liver IRI [7, [37] [38] [39] [40] [41] [42] [43] . PPARγ deletion exaggerates liver IRI in animal models [32, 44, 45] . Collectively, PPARγ activation has been established to ameliorate liver IRI. Inhibition of inflammation and activation of autophagy had been proposed to explain the beneficial effects of PPARγ activation. However, the direct target gene(s) of PPARγ that mediates the beneficial effects of PPARγ activation in liver IRI still remains unclear [45] , restricting the clinical use of PPARγ agonists in attenuating liver IRI in clinics.
FAM3A in PPARγ's Protection in Liver IRI
Recently, FAM3A, the first member of the sequence similarity 3 (FAM3) gene family, has been identified as a novel target gene of PPARγ [46] . FAM3A is further shown to be a new mitochondrial protein, and it enhances ATP synthesis and release. Released ATP will activate P2 receptors to slightly increase cytosolic free calcium level and activate calmodulin (CaM), finally leading to the activation of the PI3K-Akt signaling pathway in hepatocytes [47, 48] . FAM3A plays important roles in suppressing hepatic gluconeogenesis and lipogenesis via the activation of ATP-P2 receptor-Akt and adiponectin receptor-AMPK pathways [47, 48] . Moreover, FAM3A also activates Akt pathways to induce the proliferation of vascular smooth muscle cells (VSMCs) and 3T3L1 preadipocytes [49, 50] . Akt has been shown to function as an important survival kinase by phosphorylating a number of apoptotic molecules including bisphenol A disalicyate (BAD), forkhead transcription factors, caspase 9, forkhead box protein O1 (FOXO1), IkappaB kinase (IKK), and glycogen synthase kinase 3β (GSK-3β) beyond its well-known roles in regulating glucose and lipid metabolism [51] [52] [53] . Akt activation exerts beneficial effects in liver IRI [51] [52] [53] . Given that ATP production and Akt play crucial roles in the protection of liver IRI [53, 54] , it is reasonable to speculate that FAM3A may be involved in liver IRI process by directly stimulating ATP production to activate Akt pathways. Moreover, demonstrating whether FAM3A mediates the hepatoprotective effects of PPARγ in liver IRI is also of great significance.
Both PPARγ and FAM3A expression were upregulated in mouse liver after IRI [55] . Silencing of hepatic FAM3A markedly exaggerated liver IRI with repressed ATP production and Akt activity, reduced anti-apoptotic gene expression and increased pro-apoptotic gene expression in the livers. Pretreatment with rosiglitazone significantly ameliorated liver IRI with increased FAM3A expression, ATP production, and Akt activity in the liver [55] .
FAM3A-dificient mice exhibit normal liver functions and structure as wild-type (Wt) mice in physiological condition. However, FAM3A-dificient mice exhibited more severe liver damage after IRI with a reduction in hepatic ATP production and Akt activity when compared with Wt mice. Rosiglitazone pretreatment activated FAM3A-ATP-Akt pathway to protect against liver damage in Wt mice. However, rosiglitazone failed to increase ATP content and activate the Akt pathways in FAM3A-deificient mouse livers. Rosiglitazone pretreatment also failed to protect liver against IRI after FAM3A knockout [55] . In cultured hepatocytes, rosiglitazone-induced Akt activation is also dependent on FAM3A-ATP pathway. Beyond Akt survival pathways, NF-κB also plays important roles in liver IRI by regulating the expression of proinflammatory cytokines [56] . FAM3A repressed NF-κB activity and inflammation in IRI mouse livers [55] . Rosiglitazone pretreatment significantly repressed NF-κB activity and proinflammatory cytokine expression in Wt mouse livers, but not in FAM3A-deificient mouse livers [55] . Moreover, FAM3A's inhibition on NF-κB activation was partially repressed by P2 receptor antagonist, revealing the involvement of ATP-P2 receptor pathway in FAM3A's inhibition on NF-κB activity in hepatocytes ( Figure 1 ). Mice with hepatic FAM3A knockdown or knockout exhibited more severe oxidative stress in the circulation and liver after liver IRI. Rosiglitazone pretreatment significantly ameliorated global and hepatic oxidative stress in Wt mice but not in FAM3A-deficient mice [55] . In support, FAM3A also protects neuronal HT22 cells against apoptosis triggered by oxidative and endoplasmic reticulum (ER) stress [57, 58] . Collectively, FAM3A protects liver against IRI by activating Akt survival pathways, repressing NF-κB activation and attenuating oxidative stress. Importantly, the protective effects of PPARγ activation on liver IRI are achieved through the activation of FAM3A pathways. Ours and others findings strongly suggested that oral administration of PPARγ agonists before liver surgery or liver transplantation to activate hepatic FAM3A pathways is an effective strategy for attenuating human liver IRI [32, 44, 45, 55] (Figure 2 ). 
miRNAs and Liver IRI
Noncoding RNAs are classified into small noncoding RNAs (<200 bp) and long noncoding RNAs (LncRNAs, ≥200 bp) based on the length [59] . miRNAs are one class of small noncoding RNAs of 19-24 nucleotides that are the most important gene regulators at the post-transcriptional level [60] [61] [62] . So far, miRNAs have been reported to be tightly associated with many diseases [60] [61] [62] . Importantly, miRNAs are also involved in IRI processes of several organs, including the heart, kidney, brain, and liver. Ng, K.T. et al. [63] reported that several circulating miRNAs, including miR-148a, miR-1246, and miR-1290, were upregulated after liver transplantation. Zheng et al. [64] reported that global expression profiles of miRNAs in mouse livers were different between not only the reperfusion sample and the sham control, but also the ischemia sample and the sham control. Moreover, the miRNA profile was also deregulated in the livers of rats, mice, and humans after liver IRI [65] [66] [67] . In this review, the latest research regarding the roles and mechanisms of certain important miRNAs in liver IRI will be discussed.
miR-122 and Liver IRI
miR-122 is the most abundant miRNA in the liver. It has been reported that miR-122 is exclusively and abundantly expressed in hepatocytes, accounting for almost 70% of the total hepatic miRNAs [68, 69] . miR-122 has been reported to play important roles in regulating hepatic glucose and lipid metabolism, and is tightly associated with the progression of HCC [70] [71] [72] . More recently, there had been increasing evidence that miR-122 was also involved in liver IRI. Andersson et al. [73] reported that miR-122 could be secreted into circulation in an ischemic porcine cardiogenic shock model. They found that circulating miR-122 level was increased by 460,000 folds after cardiogenic shock and significantly decreased after therapy. Roderburg et al. [74] reported that the circulating miR-122 level was correlated with liver injury in both mice and humans. Yang et al. [75] further showed that the circulating miR-122 level was significantly increased after 45 min of hepatic ischemia and 1-24 h of reperfusion. Moreover, the circulating miR-122 level is correlated with histological characteristics of necrosis and liver damage. Van Caster et al. [76] reported that the circulating miR-122 level was increased and correlated with the serum activities of aspartate transaminase (AST), alanine transaminase (ALT), and lactate dehydrogenase (LDH) after warm hepatic IRI. Selten et al. [77] demonstrated that the absolute miR-122 level and relative miR-122/miR-222 ratio in graft preservation solution are associated with early allograft dysfunction (EAD) and early graft loss after liver transplantation. Clearly, these findings revealed that deregulated miR-122 level in the circulation and liver is tightly associated with hepatocyte IRI.
Recently, the mechanisms of miR-122 in liver IRI have been determined. Xiao et al. [78] found that miR-122 was increased in an anoxia-reoxygenation injury model in L02 cells. They identified that mild hypothermia pretreatment could induce a significant downregulation in miR-122 expression and reduce the hepatocellular injury, and these effects was abrogated by the miR-122 mimic. The authors further discovered that miR-122 inhibition increased the expression of insulin-like growth factor-1 receptor (IGF-1R), one potential target gene of miR-122, which inhibited apoptosis via the IGF-1R/AKT signaling pathway in L02 cells. Another study by Akbari et al. [79] revealed that crocin, a water-soluble active component of saffron, protected the liver against IRI by increasing the activity of antioxidant enzymes. The author further showed that inhibition of miR-122 contributed to crocin's protective effects on liver IRI. Mard et al. [80] also found that crocin, ZnSO 4 , and their combination, protected the liver against IRI by inhibiting miR-122 expression. Collectively, miR-122 serves as not only a novel biomarker, but also a potential therapeutic target for liver IRI. Inhibiting hepatic miR-122 expression is one potential method for ameliorating liver IRI.
miR-34a and Liver IRI
The mature miR-34 subfamily consists of three members: miR-34a, miR-34b, and miR-34c, respectively. miR-34a has been shown to directly inhibit the expression of p53 that inhibits cell proliferation and regulates liver function [79] .
The gasotransmitter H 2 S protects several tissues, including the liver against IRI [81] . Huang et al.
[81] determined the hepatoprotective effects of H 2 S on hepatic IRI in young (three months) and old rats (20 months). They found that NaHS administration ameliorated liver IRI in young rats, but not old ones, by activating the nuclear erythroid-related factor 2 (Nrf2) signaling pathway. Nrf2, a direct target gene of miR-34a, exerts antioxidative effects by regulating the expression of antioxidative genes, including glutathione S-transferase (GST) and SODs [81] . miR-34a upregulation impairs, while miR-34a downregulation enhances the hepatoprotective effect of H 2 S in the young and old rats through the modulation of the miR-34a/Nrf2 signaling pathway. Carbon monoxide (CO), a product of heme oxygenase (HO), also ameliorates IRI in various tissues thorough anti-inflammatory, vasodilatory, and anti-apoptotic effects with unclear mechanisms [82] . Kim et al. [82] reported that CO increased NAD-dependent deacetylase sirtuin-1 (SIRT1) expression by inhibiting miR-34a expression in livers after IRI. CO treatment inhibited miR-34a expression with increased SIRT1 expression in hepatocytes in the presence of oxidative stress, and rescued SIRT1 expression in miR-34a-transfected cells. Finally, an increase in SIRT1 expression protects against liver damage through p65/p53 deacetylation, which inhibits inflammatory responses and hepatocyte apoptosis. Carnosic acid (CA) has been reported to exert protective effect against organ injury by inhibiting apoptosis [83] . Shan et al. [83] reported that CA's antiapoptotic effects in liver IRI was also achieved through the inhibition of miR-34a expression. Akbari et al. found that [79] crocin pretreatment also ameliorated liver IRI by inhibiting miR-34a expression. Moreover, Mard et al. [80] found that inhibition of miR-34a contributed to the protective effects of ZnSO 4 and crocin cocktail in liver IRI. Collectively, miR-34a exerts deleterious effects in liver IRI by inhibiting the expression of Nrf2 and SIRT1.
miR-223 and Liver IRI
miR-223 was firstly identified as a regulator of hematopoietic linage differentiation. Recently, miR-223 was shown to be repressed in hepatocytes [84] , as well as neutrophils from patients with alcoholic liver disease [85] , suggesting a potential role of it in liver diseases.
Yu et al. [84] reported that miR-223 expression was increased in mouse livers after 75 min of ischemia followed by 120 min of reperfusion when compared to control mouse livers. Upregulated miR-223 expression was positively correlated with serum AST and ALT activities, which were the most important serum markers of liver injury. Schueller et al. [85] reported that the miR-223 level is upregulated in liver and serum from mice after experimental acute liver injury, as well as from patients with acute liver failure, and its level is correlated with the degree of liver injury and hepatocyte death. However, Van Caster et al. [76] confirmed the elevation of miR-223 in the liver after IRI, but they found no correlation between its level and serum AST/ALT activities. Moreover, circulating the miR-223 level remained unchanged in the same study [76] . Overall, an increase in hepatic miR-223 expression is associated with liver IRI, but its effects and underlying mechanism(s) in liver IRI still remain unclear.
miR-370 and Liver IRI
Li et al. [86] reported that miR-370 expression was significantly increased in the liver after IRI, and the ischemic preconditioning (IPC) inhibited the upregulation of miR-370 with the amelioration of liver IRI. The authors further confirmed that transforming growth factor-β receptor II (TβRII) is a direct target gene of miR-370. In IRI mouse livers, TβRII was downregulated. Inhibition of miR-370 restored the expression of TβRII and its downstream target phosphorylated mothers against decapentaplegic homolog 3 (Smad3), and ameliorated hepatic IRI. Another study [87] confirmed the increase of miR-370 in IRI mouse livers. miR-370 also activates NF-κB pathway to exaggerate liver IRI [87] . Collectively, miR-370 exaggerates liver IRI by inhibiting TβRII pathway and activating the NF-κB pathway.
miR-155 and liver IRI
miR-155 expression is induced by various inflammatory mediators, and is associated with both innate and adaptive immune responses [88] . Tang, B. et al. [88] demonstrated that miR-155 deficiency protected mouse livers from IRI using a liver transplantation model in cold temperature. The authors provided evidence that miR-155 deficiency upregulated the expression of suppressors of cytokine signaling1 (SOCS1), a target gene of miR-155, to promote M2 macrophages development, suppress Th17 cell differentiation, and repress IL-17 expression. Beyond the protective roles in this cold ischemic injury, Li et al. [89] reported that miR-155 deficiency also protected the liver from warm IRI using a partial liver IRI model. The authors found that miR-155 deficiency inhibited the activation of Kupffer cells and the expression of inflammatory cytokines during liver IRI. Collectively, miR-155 deficiency protects the liver against IRI by inhibiting macrophage activation and inflammation in the livers.
Other miRNAs and Liver IRI
In addition to the miRNAs discussed above, several other miRNAs are also involved in liver IRI. Ng et al. [63] reported that circulating miR-148a and miR-1246 levels were potential biomarkers in predicting HCC recurrence after liver transplantation in the early phase. Zheng et al. [90] reported that miR-148a expression was increased in the livers after IRI with a negative correlation with calcium/calmodulin-dependent protein kinase type II alpha chain (CaMKIIα). The authors proposed that the inhibition of CaMKIIα might be the main protective mechanism of miR-148a on liver IRI. miR-146a was downregulated in the early stage of liver IRI in a rat model [91] . miR-124 is downregulated after hepatic IRI, and the H 2 O 2 -induced apoptosis of human hepatic L02 cells was significantly inhibited by miR-124 activation, which repressed the Ras-related protein Rab-38 (Rab38) gene and activated the Akt survival pathway [92] . The miR-30b [93] level was downregulated after hepatic IRI, and miR-30b activation alleviated hepatic IRI by inhibiting autophagy. The miR-17 [94] level was increased after hepatic IRI. Additionally, miR-17 repressed signal transductions and activation of transcription-3 (Stat3) activation to exaggerate liver IRI. miR-200c [95] may mediate the protective effects of sevoflurane on hepatic IRI. miR-182-5p [96] inhibits proinflammatory cytokine production in LPS-treated macrophages and attenuates liver IRI by inactivating toll-like receptor 4 (TLR4).
Mitogen-activated protein kinase 6 (MAPK6) is a target of miR-133a-5p [97] , and miR-133a-5p/MAPK6 axis is involved with propofol's protective effects in hepatic IRI in vivo and hypoxia/reoxygenation (H/R) injury in vitro. miR-1224 expression [98] was upregulated in animal hepatocytes after IRI in vivo and in vitro, and increased in the livers and serum of patients with acute liver failure (ALF). miR-1224 inhibited hepatocyte proliferation and survival in acute liver failure by targeting the antiapoptotic gene nuclear factor I/B (NFIB). Moreover, deregulated expression of miR-410-3p, miR-490-3p, and miR-582-5p [99] was also associated with liver IRI.
Overall, many miRNAs are involved in liver IRI. The expression change of certain important miRNAs discussed above in circulation and liver, and their effects and main mechanisms in liver IRI had also been summarized in Table 1 . 
LncRNAs and Liver IRI
LncRNAs are the majority of noncoding RNAs which are also widely involved in many physiological and pathophysiological processes by functioning as cis-tether, cistargeting, trans-targeting, enhancer, decoy, scaffold, allosteric modification, co-activator, or corepressor to modulate gene expression in various cell types [100] .
More recently, there had been evidence that LncRNAs may also play important roles in liver injury. Su et al. [101] reported that LncRNA TUG1 was downregulated in mouse livers after cold storage, which is a major problem affecting liver transplantation. TUG1 overexpression attenuated cold storage-induced apoptosis, inflammation, and oxidative stress of hepatocytes in vivo and in vitro, suggesting a potential role of TUG1 as a therapeutic target for the prevention of cold-induced liver injury in hepatic transplantation. For the first time, we had determined the LncRNA profile in mouse plasma after liver IRI using microarray technology [100] . Sixty-four LncRNAs were upregulated, and 244 LncRNAs were downregulated in the plasma of mice after an hour of 70% hepatic ischemia and 6 h of reperfusion. These findings suggested that certain plasma LncRNAs have the potential of becoming novel biomarkers for hepatic IRI.
We also determined that the LncRNA expression profile in mouse livers after IRI [102] . In a liver IRI mouse model with 1-h ischemia and 6-h reperfusion, 71 LncRNAs were identified with upregulation and 27 LncRNAs with downregulation. LncRNA AK139328 exhibited the highest expression level in normal mouse livers among the upregulated LncRNAs. Inhibition of the hepatic AK139328 resulted in decreased plasma aminotransferase activities and reduced necrosis area in the livers with a decrease in caspase-3 activation after liver IRI. Silencing of AK139328 also activated Akt, and repressed NF-κB and inflammation in mouse livers after IRI [102] . Moreover, LncRNA AK143693, which was downregulated in mouse liver after IRI [102] , also modulated Akt activity in hepatocytes. AK143693 was also renamed as LncRNA Suppressor of Hepatic Gluconeogenesis and Lipogenesis (LncSHGL) because it suppresses gluconeogenesis and lipogenesis of hepatocytes in vitro and in vivo. AK143693 recruits heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) to enhance calmodulin (CaM) mRNAs translation, elevating CaM protein to activate Akt independent of insulin and calcium, finally leading to the suppression of gluconeogenic and lipogenic pathways in hepatocytes [103] . Clearly, an increase in AK139328 expression plus a decrease in AK143693 (LncSHGL) expression together exerts deleterious effects on liver IRI by impairing Akt activity in hepatocytes. These findings suggested that LncRNA AK139328 and AK143693 might be novel therapeutic targets for liver IRI.
Summary and Perspective
Hepatic IRI is a severe clinical issue affecting millions of people worldwide. Ischemic preconditioning and ischemic postconditioning could be effective strategies for attenuating liver IRI in clinics. Moreover, antioxidants, scavengers of free radicals, and inflammatory inhibitors could also be used to protect hepatocytes against apoptosis and necrosis when IRI happens. In the past decade, intensive studies had shed light on the mechanisms of liver IRI and provided many potential diagnostic biomarkers and therapeutical targets. Inhibition of certain miRNA, such as miR-122, modulation of certain LncRNAs, such as AK143693 (LncSHGL) and AK139328, and activation of the PPARγ-FAM3A axis might be potential strategies for treating liver IRI. In particular, oral administration of PPARγ agonists before liver surgery or liver transplantation to activate hepatic FAM3A pathways holds great promise for reducing liver IRI in clinics ( Figure 2 ). 
